The negatively charged nitrogen-vacancy (NV − ) center in diamond has realized new frontiers in quantum technology. Here, the center's optical and spin resonances are observed under hydrostatic pressures up to 60 GPa. Our observations motivate powerful new techniques to measure pressure and image high pressure magnetic and electric phenomena. Our observations further reveal a fundamental inadequacy of the current model of the center and provide new insight into its electronic structure. PACS numbers: 62.40.±p, 61.72.jn, 76.70.hb The negatively charged nitrogen-vacancy (NV − ) center is a remarkable point defect in diamond and is the system of choice for a rapidly expanding domain of quantum technology demonstrations, including information processing [1, 2], communications [3, 4] and metrology [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The NV − center is also particularly rich in physics, however somewhat surprisingly, many fundamental aspects of the center remain unresolved (see Ref. 15 for an extensive review). Indeed, most of center's applications exploit its unique combination of long-lived ground state spin coherence [16, 17] and optical spin-polarization/ readout (OSPR) that persist to ambient temperatures and beyond [18] . Attainment of a complete understanding of the latter is particularly important to the optimization of the NV − center's applications as well as to the identification of other useful defects.
Recently, the effects of temperature on the center's ground state spin and OSPR mechanism have been investigated, which enabled the influence of temperature on existing NV − metrology applications to be characterized and new thermometry applications to be proposed [18] [19] [20] [21] . There has been no commensurate investigation of the effects of pressure. Pressure and uniaxial stress enable the lattice and electronic orbitals of the NV − center to be manipulated, thus providing a probe into the center's intriguing coupling of orbital and spin dynamics. Such an investigation will complete the characterization of NV − metrology under extreme conditions and is of particular interest to fields such as high pressure superconductivity, magnetic and electric phase transitions [22] [23] [24] [25] [26] [27] [28] . Here, we present the first observations of the behavior of the ground state spin of the NV − center under hydrostatic pressure. Our observations provide new insight into the physics of the center, motivate the center as a pressure sensor and enable an analysis of the center's other metrology applications under extreme conditions.
The NV
− center is a C 3v point defect in diamond consisting of a substitutional nitrogen atom adjacent to a carbon vacancy that has trapped an additional electron (refer to figure 1a). Figure 1b shows the NV − electronic structure generated by the occupation of three defect orbital levels (a 1 ,e x ,e y ) within the diamond bandgap by four electrons, including the zero phonon line (ZPL) energies of the optical (1.945 eV/637 nm) [29] and infrared (1.190 eV/1042 nm) [30] [31] [32] transitions and the ∼2.6 eV onset energy (above the 3 A 2 level) of the continuum of conduction and valence configurations [33] . However, the energy separations of the spin triplet and singlet levels ( 3 A 2 ↔ 1 E and 1 A 1 ↔ 3 E) are unknown. Theoretical calculations predict the existence of higher energy singlet levels ( 1 E ′ and 1 A ′ 1 ), but disagree on their energies [34] [35] [36] [37] [38] [39] .
As depicted in figure 1c, the ground 3 A 2 level exhibits a zero field fine structure splitting between the m s = 0 and ±1 spin sub-levels of D ∼ 2.87 GHz (room temperature) due to electron spin-spin interaction [40] . Under crystal strain that distorts the trigonal symmetry of the center, the degeneracy of the m s = ±1 sub-levels is lifted. The spin-Hamiltonian that describes the 3 A 2 fine structure is
where E is the strain parameter, the dimensionless spin operators are for S = 1 and the z coordinate axes is directed along the trigonal symmetry axis of the center. The spin of the ground 3 A 2 level is optically polarized due to spin-selective non-radiative intersystem crossings (ISCs) that preferentially depopulate the m s = ±1 sublevels and populate the m s = 0 sub-level [42] . The ISCs also lead to spin-dependent optical fluorescence that enable the ground state spin to be readout and the performance of ground state optically detected magnetic resonance (ODMR) [42] . The dark ISCs of the NV − center (a)
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Cond. are yet to be fully understood and they are currently believed to be the combined result of spin-orbit coupling of the lowest energy triplet ( 3 A 2 , 3 E) and singlet ( 1 A 1 , 1 E) levels and electron-phonon decay [42] .
∼2.6 eV
In our experiments, we observed the hydrostatic pressure shift of the optical ZPL and the ground state ODMR of small ensembles of NV − centers at room temperature [43] . As depicted in figure 2(a), our experiments were performed in a diamond anvil cell (DAC) using samples of type IIa single-crystal CVD diamonds with low nitrogen content (< 1 ppm). We measured the ODMR in two different pressure media: NaCl and Ne. The shift of the optical ZPL was only measured in NaCl pressure media. ODMR was performed by optically exciting the NV − centers with 532 nm light and scanning the microwave frequency through either a current carrying Pt wire embedded in an insulating BN+epoxy gasket or a copper coil wound a few times around one of the diamond culets. We measured the pressure in situ using the fluorescence of a small ruby chip located in the DAC. The pressure calibration from Ref. 44 was used. The maximum pressure applied was 60 GPa, which was limited by the blue shift of the NV − ZPL to the 532 nm optical excitation wavelength. The shift of the D parameter with pressure P is highly linear and has the gradient dD(P )/dP = 14.58(6) MHz/GPa. The broadening and splitting of the ODMR line at pressures > 4.5 GPa are results of crystal distortion. At pressures > 4.5 GPa, the Ne pressure medium freezes at room temperature and becomes quasihydrostatic. As a consequence, the stress applied to the crystal is slightly anisotropic (< 0.4 GPa at 50 GPa applied pressure) and the crystal distorts [45] . Figure 3 also depicts the observed shift of the optical ZPL energy, which is also highly linear and has the gradient dE ZP L (P )/dP = 5.75 meV/GPa. This result compares reasonably to a previous measurement of 5.5 meV/GPa obtained from high density ensembles of NV − centers in type Ib diamond using a N 2 pressure medium [46] . The small difference can be attributed to the significantly inhomogeneously strain broadened optical ZPLs of the high density ensembles and the different quasihydrostatic behavior of N 2 pressure media.
Our hydrostatic pressure ODMR measurements provided a controlled means to probe the electronic spin and orbit coupling of the ground 3 A 2 level. Under hydrostatic pressure, the equilibrium positions of the nuclei of the lattice contract and thus, the electronic orbitals of the NV − center change. Considering the ground 3 A 2 level, the change in electronic orbitals corresponds to the contraction of the unpaired spin density of the level, which thereby increases the electronic spin-spin interactions and the D parameter of the level. Adopting the adiabatic approximation and a perturbative picture, the ground 3 A 2 electronic level of the NV − center changes due to hydrostatic pressure induced mixing with higher energy levels. The operator describing this mixing is [47] 
where B is the bulk modulus of diamond, Q P is the normal nuclear displacement coordinate corresponding to hydrostatic compression, γ is the geometric factor relating the volume strain ǫ P to the nuclear displacement, V o ( r, R) is the electrostatic interaction between the NV electrons and the nuclei, and r and R are the collective electronic orbital coordinates and nuclear equilibrium positions (at ambient pressure), respectively. 
where Φ n,ms and E n are the electronic state and energy of the m s spin sub-level of the n th triplet level of A 2 orbital symmetry (i.e. n = 0 is the ground 3 A 2 level and E 0 = 0). Also,
is the correction to the D ZFS parameter due to the mixing with the n th triplet level of A 2 orbital symmetry, whereV ss is the electronic spin-spin interaction.
As the center's orbitals (a 1 ,e x ,e y ) within the bandgap are highly localized to the nearest-neighbor atoms of the vacancy and the matrix elements ofV o andV ss decay sharply with orbital overlap, the most significant contributions to (3) will be from terms involving 3 A ′ 2 levels of low energy conduction/valence configurations formed from semi-localized conduction/valence band orbitals. The candidate configurations (a
3 ) therefore involve semi-localized conduction band orbitals of both A 1 and E symmetry, but only semi-localized valence band orbitals of E symmetry. A low energy semilocalized A 1 conduction band orbital has been reported in previous ab initio calculations and is possibly the dominant contributor to the observed pressure shift [34] . Notably, the well known semi-localized A 1 valence band orbital a ′ 1 of the center does not contribute significantly to the pressure shift [34] [35] [36] [37] [38] [39] .
As a check of the validity of (3), one can estimate the order of magnitude of a given contribution to be ∼ 1 MHz/GPa using D n ≈ 1 GHz for a semi-localized 3 A ′ 2 level (electrons separated by an average ∼ 4Å), Φ n,0 | ∂Vo ∂QP 0 |Φ 0,0 /γB ≈ 1 meV/GPa as estimated from the optical ZPL shift and E n > ∼ 2.6 eV for the onset of the continuum of conduction/valence configurations. It is therefore reasonable for the summation over many contributions in (3) to result in the observed shift of ∼15 MHz/GPa. The validity of (3) is further supported by a semi-classical model of the ODMR pressure shift [43] . More accurate estimates of the pressure shift and the mixing of the 3 A 2 and 3 A ′ 2 levels require new ab initio calculations.
Such consistency could not be achieved in a previous attempt at explaining the related ODMR Stark shift via second-order spin-orbit interactions [48] , which underestimated the shift by several orders of magnitude. However this initial study did not consider mixing of the 3 A 2 ground level with the 3 A ′ 2 levels. Indeed the significance of this mixing revealed by our hydrostatic pressure observations represents a fundamental change to the understanding of the NV − center. Until this observation, it was generally believed that the physics of the center could be explained by invoking a molecular model, where only the six electrons occupying the discrete defect-levels (a ′ 1 ,a 1 ,e x ,e y ) formed from the dangling sp 3 orbitals immediately surrounding the vacancy were considered to contribute to the center's electronic structure and associated optical and spin dynamics [37, 38] . Our conclusion implies that mixing with semi-localized valence and conduction orbitals that extend beyond the simple molecular picture appreciably influence the center's fine structure. As a conceptual extension, these semi-localized orbitals can be pictured as being linear combinations of the sp 3 orbitals of atoms belonging to concentric shells with increasing radii from the vacancy, such that the greatest contributions are from the next-to-nearest neighbor atoms. Thus, it is clear that to progress forward in the understanding the OSPR mechanism and the other unresolved physics of the NV − center, the limitations of the molecular model must be appreciated and the conduction/valence configurations must be considered. Further investigations of the semi-localized orbitals can be performed via ab initio calculations or measurements of near surface NV − centers in bulk or nano-diamond. The proximity of a surface potentially modifies the semi-localized orbitals much more than the localized orbitals (a 1 ,e x ,e y ) that govern many properties of the center.
Analogous to previous estimates of the field and thermal sensitivities of the ODMR of NV − , the ODMR pressure sensitivity at room temperature is [18] 
where C accounts for experimental factors such as collection efficiency. Note that the typical room temperature values C ∼ 0.02 and T * 2 ∼ 1 µs were used in the above estimate. Although the pressure shift of the optical ZPL is much larger than the ODMR, the large homogeneous broadening of the optical ZPL at room temperature and beyond [49] ensures that the optical pressure sensitivity is significantly worse than the ODMR sensitivity. However, in the low temperature limit (T < ∼ 12 K), where narrow optical lines (∼ 140 MHz) of engineered NV − centers can be obtained [50] , the optical sensitivity is much better, with η op ≈ 68 Pa/ √ Hz.
We now consider the performance of the current NV − metrology applications under different conditions. The estimated pressure sensitivity of the NV − ODMR implies that changes in pressure of ∼ 1 MPa can be detected after one second of averaging time. As the majority of current proposals for NV − magnetometry and electrometry are targeted at ambient conditions, where pressure fluctuations of the order of ∼ 1 MPa are very unlikely to occur over timescales of a second, the pressure sensitivity of the NV − ODMR will not influence the performance of these current proposals. Even up to pressures of ∼ 50 GPa, which are relevant to studies of high pressure superconductivity and magnetic phase transitions using DACs [22] [23] [24] [25] [26] [27] [28] , the pressure fluctuations can be controlled to less than at least ∼ 10 kPa on timescales of seconds (estimated based on resistance changes at the insulatormetal transition [51] ). Hence, the observed hydrostatic pressure shift implies that the current proposals of NV − magnetometry and electrometry will retain much of their sensitivity in the extremes of pressure.
Furthermore, the NV − ODMR offers a more sensitive means to measure high pressure than existing techniques. As employed in this work, the current technique of choice utilizes the optical transitions of ruby and has a typical accuracy of ∼ 10 MPa [45] . The NV − center's pressure sensitivity, its possible inclusion with the sample in the DAC and its capability to switch to magnetometry or electrometry modes (assuming pressure fluctuations are controlled to < 1 MPa on the timescale of seconds) undoubtedly make the NV − center the ideal probe for high pressure phenomena. One possible design is depicted in figure 2(b) , where a thin diamond chip containing an array or ensemble of NV − centers is placed on top of a high pressure superconductor sample inside the DAC. Employing existing techniques of wide field NV − magnetometry [52] , the NV − array can be switched between pressure and stress [53] sensing and magnetometry, offering an unprecedented means to monitor the pressure and image the magnetic phenomena occurring at the surface of the high pressure superconductor.
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